A B S T R A C T Selective autonomic blockade with intravenous propranolol, practolol, atropine, and combined atropine-propranolol was utilized to elucidate the role of the autonomic nervous system in the hemodynamic responses in young adult male volunteers to handgrip sustained at 30% of maximal voluntary contraction for 3 min. The initial 30 s of the tachycardia response was found to be mediated by withdrawal of vagal dominance, as evidenced by blockade of this response by prior atropinization. The mid and late portion of the heart rate response curve was demonstrated to be sympathetic in origin, since it was unaffected by atropine, but was suppressed by combined atropine-propranolol blockade. Sympathetic stimulation appears to be a secondary mechanism for increasing the heart rate, however, as it becomes operative only after the first mechanism of vagal withdrawal has been utilized. This was confirmed by the finding that beta adrenergic receptor blockade alone had little effect on the heart rate response curve.
INTRODUCTION
The cardiovascular responses to sustained isometric exercise have been studied and well defined in volunteers. (1, 2) . Characteristically modest increases in heart rate and cardiac output occur, while increases in systolic and diastolic arterial pressure are more pronounced. The relative increases in cardiac output and mean blood pressure are such that calculated systemic vascular resistance (SVR) 1 is unchanged. Recently, sustained handgrip (SHG) has become clinically popular as a cardiac stress test (37) . Hemodynamic studies during such testing in patients with cardiovascular disease have shown variable responses, deviating significantly from those of the volunteers. In some patients with hypertension or left ventricular dysfunction, as well as in certain elderly individuals, cardiac output does not rise, despite normal heart rate and pressor responses. In these patients, the pressure rise is accompanied by an increase in SVR (7) (8) (9) (10) (11) (12, 13) . Therefore, the present study was proposed in order to (a) delineate the effector mechanism of heart rate control during SHG; (b) explore the mechanism of the pressor response and the possible role of sympathetically mediated vasoconstriction; and (c) evaluate left ventricular performance by the technique of systolic time intervals during SHG, before and after autonomic blockade.
METHODS Studies were performed on male volunteers, aged 19-38 yr (mean = 25) . Initially, each subject was familiarized with handgrip dynamometer (Stoelting Co., Chicago, Ill.) and the maximal voluntary contraction of subjects was determined with this instrument. All studies were performed on supine subjects.
A 20-cm polyethylene cannula (PE-160, Clay-Adams Inc., Parsippany, N. J.) was introduced into the brachial artery by Seldinger technique, and central venous pressure was monitored through a 90-cm polyethylene cannula (PE-50, Clay Adams Inc.). The indirect carotid pulse was recorded by a funnel-shaped pickup attached to a strain gauge (P23Db, Statham Instruments, Inc., Oxnard, Calif.) which was held in place manually. A precordial microphone was positioned to record optimally the aortic component of the second heart sound. The electrocardiogram was monitored by using a lead which showed a sharp onset of the QRS complex. The cannulae were attached to strain gauges, and all recordings were made on a polybeam (DR12, Electronics for Medicine, Inc., White Plains, N. Y.) recorder at 100 mm/s paper speed. Cardiac outputs were determined by the indicator dilution method using indocyanine green.
During the first phase of the experimental protocol, baseline measurements were made, and before drug interventions, each subject performed SHG at 30% of his predetermined maximal voluntary capacity. We chose this level, judging it to be tolerable to most subjects when held for 3 min. During SHG, the electrocardiogram and arterial and venous pressures were monitored continuously. 2 min and 45 s after beginning of exercise, cardiac output was again measured, followed in rapid succession by measurement of pressure contours and systolic time intervals.
Measurements were completed by 3.5 min, and SHG was discontinued.
A 15-min rest period was allowed between SHG periods to minimize fatigue from the preceding test.' Base-line ' Bruce, Lind, Franklin, Muir, MacDonald, McNicol, and Donald (14) found that 30% of maximal voluntary contraction was tolerated for 236±44 s on the first contraction and 177±31 s on the second contraction after a 10-min rest period.
Lind (15) found full recovery of muscle function after sustained handgrip to require several hours. However, the heart rate and blood pressure responses to 3 min of 30%o maximal voluntary contraction do not appear to differ significantly between first and second bouts of SHG performed 2 min apart (14) . measurements were first repeated to assure a return to previous resting levels. Then, during phase two of the protocol, SHG was performed after a drug intervention.
(a) Seven subjects were selected to receive propranolol, 0.15 mg/kg, given i.v. -over a 2-min period. 4 The hemodynamic measurements were repeated 5 min after completion of the propranolol infusion. SHG was then performed, and measurements were made at the same time in the same sequence as during the SHG before drug administration.
(b) Seven subjects were selected to receive practolol (0.6 mg/kg) which was given i.v. over a 2-min period.!
The protocol for subsequent SHG and measurements after practolol were the same as that of propranolol group. (c) Parasympathetic blockade was produced in 12 subjects by 2 mg of atropine given as an i.v. bolus. 15 min later, base-line measurements and SHG were repeated.
(d) The last seven subjects who performed SHG after atropine were then given propranolol, and SHG was repeated after a 15-min rest period. This regimen has been demonstrated to produce complete, or nearly complete cardiac autonomic blockage (20, 21) . This phase of the protocol, i.e. blockade with both propranolol and atropine, was added after it appeared from analysis of the early results that atropine did not abolish the heart rate response to SHG.
(e) Heart rates were counted for 30-s intervals, e.g., heart rate at 1 min after onset of SHG was counted between 45 and 75 s. In four subjects, recordings at paper speed of 75 mm/s, with 40 ms time lines, were made during the onset of SHG. The R-R intervals of the three beats immediately before and after the onset of SHG were measured in these patients.
Measurements and calculations were made as follows: base-line cardiac outputs were determined in duplicate, and single measurements were made during exercise; arterial pressure was measured directly from the brachial artery tracing, and the mean pressures were determined by electronic damping; systolic mean pressures were determined by planimetry; left ventricular ejection time (LVET) was measured as the average interval from the sharp upstroke to the incisura of five carotid pulse complexes. Left ventricular ejection time index (LVETI) was calculated from the regression equation of Weissler and Garrard (22) , LVETI = LVET + 1.7 X heart rate. Preejection period (PEP) was calculated as the difference between the Q wave of the electrocardiogram and the aortic closure sound (Q-A2 interval) and LVET. SVR was derived from the formula, (mean BA pressure X 1.33 X 60)/cardiac output, and the result was expressed in dyn-s-cm-5. The product of heart rate, systolic mean pressure, and ejection time was expressed as tension-time index. The statistical significance of the changes during SHG was determined by the method of paired and grouped means using the t test. P values < 0.05 were regarded as significant (23) . ' This dosage of propranolol has been shown to reduce the effectiveness of infused isoproterenol by approximately 90%o (16) .
'This dose of practolol has minimum effects on resting cardiac hemodynamics in normal subjects, but blocks the chronotropic effects of an isoproterenol infusion (0.025 mg/kg/min) by approximately 75% (17) . The dose-response curve of practolol as a blocker of catecholamine infusion and exercise tachycardia is quite flat between 0.6 and 1.2 mg/kg (18, 19) . RESULTS All subjects noted forearm discomfort during the last minute of contraction, but were able to sustain 30% maximal voluntary contraction until studies were completed. Heart rate, blood pressure, and systolic time intervals returned to base-line values within 1-2 min. Cardiac output also returned to base-line values before repeat SHG.
Responses to SHG before drug intervention (Table   I ). The heart rate increased by 17±2. unchanged. Although LVET decreased by 8 ms, LVETI s/min, largely as a result of increased heart rate and increased by 19 ms±3.4. This index is used to "correct" systolic arterial pressure. ejection time for heart rate by extrapolation to zero Effects of propranolol (Table III) . Propranolol afheart rate. Normal values are 413± 10 (22) . Tension-fected resting base-line values in the following manner: time index increased during SHG by 1160±20 mm Hg heart rate and cardiac output decreased by 6 After propranolol, SHG increased heart rate by 13 beats/min, the time-course being similar to that observed before propranolol (Fig. 1) (Table IV) . Practolol, in contrast to propranolol, had no effect on resting heart rate. The tendency toward reduction in cardiac output and stroke volume was of borderline statistical significance. Arterial pressure was unchanged.
SHG after practolol caused a heart rate increase of 13 beats/min after a time-course similar to that during control SHG (Fig. 1) . Although cardiac output increased slightly in five subjects, the change for the group was not significant (P > 0.05). Mean ar-terial pressure increased by 31 Hg. During SHG after atropine, heart rate increased by 12 -beats/min (P < 0.005). The time-course of this response in matched subjects is shown in Fig. 2 . There was now blunting of the early (30 s) heart rate response (increase-of 2 beats, vs. 10 beats during control SHG), after which the heart rate response curve was similar to that observed during control SHG. The effect of atropine on the immediate rate response to SHG is shown for four subjects in Table II . Only slight shortening of the average cardiac cycle length (4 ms) is observed during the first three beats after the onset of SHG. Cardiac output increased by 650 ml (P <0.005). The increase in arterial pressure was similar to that observed before atropine administration. Calculated total SVR increased in 10 of 12 subjects (P> 0.05). Ejection time index increased by 6 ms (P < 0.001). There was a statistically significant but small (3 ms) shortening of PEP.
Effects of atropine plus propranolol (Table V) .
After combined blockade, the heart rate averaged 89 beats/min. Cardiac output -measured 7.02 liter/min, down 56 ml from that after atropine alone. Arterial diastolic pressure remained elevated, as after atropine alone.
During SHG after combined blockade, there was no significant increase in either heart rate or cardiac output. Systolic, diastolic, and mean arterial pressure rose by 16, 20, and 22 mm Hg, respectively. Calculated SVR increased by 214 dyn-s-cm4.
Comparison before and during drug intervention. A comparison of the changes in cardiac output, arterial pressure, and SVR during SHG, before and during drug intervention, is shown in Fig. 3 . Before drug interventions, the pressor response was accompanied by an increase in cardiac output. A rise in cardiac output did not occur during SHG after propranolol, practolol, or combined propranolol-atropine. The pressor response resulted from an increase in SVR. The rise in tension-time index during SHG is shown to be unaltered by beta adrenergic receptor blockade with either propranolol or practolol (Fig. 4) . The effects of SHG on systolic time intervals are shown in Fig. 5 . PEP is shown to be prolonged during SHG only after propranolol. There was a consistent increase in LVETI during SHG before and after drug interventions, except after combined blockade. LVET shortened during control SHG and SHG after atropine. There were no significant changes in right atrial pressure during SHG. Atropine decreased resting right atrial pressure by approximately 4 mm Hg, usually to zero.
DISCUSSION
Heart rate response to handgrip. The magnitude of the chronotropic response to SHG is related primarily to two variables. The first, intensity of contraction of the muscle group, determines the relative importance of the second, which is the duration of the contraction. Therefore, when SHG is sustained at 15% or less of maximal voluntary contraction, a steady state is reached quickly, and the contraction may be sustained for long periods without fatigue or further hemodynamic changes. In contrast, the size of the contracting muscle group is relatively unimportant (1, 24, 25) . At the higher levels of exercise performed in the present study, a steady state is not reached. The duration of the contraction becomes a critical determinant of the magnitude, and possibly the mechanism of the heart rate response.
Withdrawal of the vagal tone is the autonomic effector mechanism to which the development of tachycardia during SHG is generally attributed (6, 12) . Consistent with this view is the short latency period (0.5 s) which has been reported to occur between the onset of SHG and the onset of tachycardia. Immediate onset of tachycardia was also found in the present study during control SHG but not after atropinization. On the other hand, there is reported to be a longer latency period (3-6 s) between sympathetic stimulation and cardiac acceleration (13) . It is unlikely, therefore, that sympathetic stimulation initiates the heart rate response to SHG. Atropinization was found by Freyschuss to block the tachycardia response during handgrip which was held for 45 s (26). There was also blockade of the 30-s heart rate response in the present study after atropine. These data are in agreement with the previous studies demonstrating that withdrawal of vagal tone initiates the tachycardia during SHG. On the other hand, our data show that a mechanism in addition to vagal withdrawal is potentially operative in producing tachycardia during the last 2.5 min of SHG, since atropine did not block the heart rate response during this period (Fig. 2 ). It would appear, then, that withdrawal of vagal tone was the first mechanism to be utilized in the heart rate response to SHG and that the sympathetic effector response occurred after the first mechanism had been uti- Abbreviations: Rest-A = resting value after atropine; SHG = value during handgrip after atropine; Rest-A + P = resting value after atropine + propranolol; HG = value during handgrip after atropine + propranolol. * SE.
lized. It is important to note, however, that a normal heart rate response to SHG occurred without sympathetic stimulation, as was demonstrated during the beta adrenergic receptor blockade (Fig. 1) . In this instance, the mechanism of vagal withdrawal was incompletely utilized, in that a lower heart rate was achieved during SHG than results from atropinization of a subject at rest ( Figs. 1 and 2 ). Another potential mechanism for a positive chronotropic response is the reflex described by Blinks, i.e., heart rate increase resulting from in- FIGuRE 3 Hemodynamic responses to SHG. Before drugs and after atropine, there is a proportional rise in arterial pressure and cardiac output but no change in total peripheral vascular resistance (PVR). After propranolol, practolol, or combined autonomic blockade, there is a similar pressor response which occurs without a rise in cardiac output but results from increased resistance. Resistance is expressed in dyn-s-cm-. creased venous return (27) . That the tachycardia during SHG is not due to the Blinks reflex is evidenced by the effectiveness of combined autonomic blockade in preventing an increase in heart rate (Fig. 2) .
The weight of evidence therefore points to a potential dual autonomic mechanism for heart rate control during SHG. Vagal withdrawal provides the early response, while sympathetic influence appears later after atropinization, or if needed, during severe stress. A dual mechanism for heart rate response has also been demonstrated during two other forms of stress, severe isotonic exercise and acute hypotension in which vagal withdrawal provides the early response with evidence of sympathetic stimulation occurring later (28, 29) . LVETI (LVET corrected for heart rate) was consistently increased by SHG, except after combined blockade. Despite an increase in heart rate, SHG had little effect on LVET (uncorrected for heart rate). PEP was unchanged during control SHG. Prolongation of PEP after propranolol may reflect the cardiac depressant effect on this drug. The shortening observed during SHG after atropine may be related to adrenergic stimulation. The latter is also reflected by an increase in heart rate.
The pressor response to handgrip. A marked rise in arterial pressure is characteristically produced by SHG at 15% or greater of maximal contraction. The afferant mechanism by which contraction of even a small muscle group initiates and maintains the pressor response is still debated. There is evidence for both centrally and peripherally mediated reflexes (12, 30) . In this study only the efferent mechanism was measured. During control SHG and after atropine, there is a concurrent rise in cardiac output and blood pressure. By application of the general formula, resistance = pressure/flow, it becomes apparent that calculated total SVR does not change and that the pressor response is in direct proportion to the increase in cardiac output. What changes occurred in peripheral vascular tone, as opposed to calculated resistance, are not clear, however, since the nature of the flow-pressure curve of the vascular bed under investigation was not known.
From the studies of others, several inferences can be made regarding the behavior of the resistance vessels during an increase in both flow and pressure. In this situation two responses may occur to decrease SVR: (a) passive dilatation and (b) reflex vasodilatation from baroceptor stimulation (31, 32) . It has been suggested that the baroceptors are somehow inactivated during SHG (allowing tachycardia to occur in spite of an increase pressure and allowing a partial pressor response to occur during SHG in the presence of alpha adrenergic receptor blockade) (1, 26) . On the other hand, an increase in perfusion pressure may act to increase vascular resistance over control values by the mechanism of autoregulation, which is basically independent of neural control (32) . B3ecause of changes in both pressure and flow during SHG, therefore, the role of sympathetic stimulation in producing the pressor response cannot be evaluated.
After propranolol, however, SHG did not increase cardiac output. The pressor response, equivalent to that of control SHG, was related to an increase in SVR, resulting most likely from sympathetic vasoconstriction. There are two plausible explanations as to how this may occur. MacDonald, Sapru, Taylor and Donald, who reported similar results during SHG, noted that propranolol may lead to unopposed vasoconstriction by virtue of its peripheral beta adrenergic blocking effect, which is manifested by an increase in vascular resistance of resting subjects (33) . An alternative explanation suggests that SHG elicits vasoconstrictor activity which is unmasked or accentuated by the cardiac depressant effect of propranolol which prevents an increase in cardiac output from occurring during SHG (33) . If the latter explanation is correct for the response to SHG after propranolol, one would expect a similar result following practolol, a cardioselective beta adrenergic receptor-blocking drug which depresses cardiac responses to sympathetic stimulation with the approximate effectiveness of propranolol (34) (35) (36) . As illustrated in Fig. 3 , the pressor response after practolol is similar to that after propranolol and is related to an increase in SVR with no significant increase in cardiac output. This demonstrates that vasoconstriction due to sympathetic stimulation, independent of peripheral beta adrenergic blockade, is an effective mechanism for raising blood pressure during SHG.
Reciprocal changes in resistance of vessels supplying exercising and nonexercising beds is not unique to SHG, but also occurs in isotonic exercise. During isotonic leg exercise, vasoconstriction is demonstrated in the forearm arteries, although there is a decrease in SVR (37) . However, in isometric exercise, there is the added factor of inflow obstruction, caused by continuous mechanical compression of vessels supplying the exercising muscles (1). The marked rise in arterial pressure during SHG may be viewed as an obligatory response designed to improve flow to exercising muscle. It might be achieved by increasing cardiac output, autoregulation, inactivity of baroceptor vasodilator reflexes, sympathetic vasoconstriction, or a combination of these. The relative functional importance of vasoconstriction in the pressor response may depend, in part, on the ability of cardiac output to increase, as well as on individual variation in reactivity of the sympathetic vasoconstrictors. These factors may explain the increase in calculated peripheral resistance which occurs during SHG in some elderly persons and in patients with hypertensive heart disease (2, 8, 10).
Effects of SHG on left ventricular function. Systolic time intervals have been widely used as a noninvasive measure of left ventricular performance (22, 38) . Excellent direct correlation between the PEP and the first derivative of left ventricular pressure rise (dp/dt) has been shown experimentally (39) (40) (41) . However, PEP is limited as a measure of left ventricular function, particularly because it is also affected by both the left ventricular end diastolic and systemic arterial pressure (42) . Tachycardia, if due to adrenergic stimulation, but not to vagal withdrawal, also shortens PEP (43) .
The present study showed no prolongation of PEP during SHG before drugs (Fig. 5) , although previous reports are conflicting (44, 45) . Recently, PEP was also found not to change during SHG in patients with primary myocardial and coronary heart disease (46) . The prolongation of PEP during SHG after propranolol might be explained by failure of the sympathetically blocked heart to respond to an increased afterload and systemic arterial pressure by shifting in the normal manner to a higher ventricular function curve (47) . If the ventricular function curve (contractility) does not change, as it may not in patients with heart disease, and if left ventricular end diastolic fiber length either increases or does not change, then prolongation of PEP directly reflects the increase in aortic valve opening pressure which occurs during SHG. On the other hand, the failure of PEP to change during control SHG and after practolol may mean simply that there is an increase in contractility or, less likely, in ventricular end diastolic fiber length, or both, to counterbalance the tendency that increased aortic pressure would have to prolong PEP (42) . Of interest is the tendency of PEP to shorten during SHG after atropine, perhaps a reflection of the previous observation that sympathetic stimulation, as opposed to vagal withdrawal, is operative in bringing about tachycardia following atropinization.
During SHG the normal inverse relationship between heart rate and the duration of LVET was altered. This normal relationship, which exists at rest and during isotonic exercise, has been defined by regression equations (22) . LVETI (ejection time extrapolated to zero heart rate) was normal at rest, but was significantly prolonged during SHG (Fig. 5 ). This is in contrast to the studies of Siegel, Gilbert, Nutter, Schlant, and Hurst, who found no change during SHG in a smaller number of subjects; and it also differs from the response of LVETI to isotonic exercise during which no change occurs (45) .
The differing responses of LVETI to isotonic and isometric exercise may be explained, to a large extent, by the greater increases in systemic arterial pressure and in afterload which occur during isometric exercise. An acute increase in afterload has been shown experimentally by Shaver, Kroetz, Leonard, and Paley to decrease the rate of left ventricular ejection, independent of changes in either heart rate or stroke volume (48) . In the present study, no change in the mean rate of left ventricular ejection occurred during SHG. In contrast, isotonic exercise, which primarily raises only the systolic arterial pressure, increases the mean rate of left ventricular ejection, resulting in a shortened LVET and no change in LVETI.
Of possible clinical relevance are the changes in tension time index during SHG and the effects of beta adrenergic receptor blockade on these changes, in contrast to their effect in isotonic exercise. During isotonic exercise, but not during SHG, beta adrenergic blockade attenuates the rise in tension-time index for a given exercise load (17, 49) . During SHG beta adrenergic blockade has no effect on heart rate, systolic arterial pressure, and ejection time, which are incorporated into tension time index and which are major determinates of myocardial oxygen consumption. Although it does not include changes in myocardial contractility, tension time index or a modification thereof has been useful for predicting the onset of angina pectoris during isotonic exercise before and after antianginal drugs (50, 51) . A major reason for their failure to lower tension-time index is that beta adrenergic-blocking drugs have no effect on the pressor response to handgrip in contrast to their attenuating effect during isotonic exercise. The question as to whether or not these drugs will provide equally effective protection against angina pectoris during isometric or combined exercise, as they do during isotonic exercise alone, requires clinical testing.
